Context: Central congenital hypothyroidism (CCH) is an underdiagnosed disorder characterized by deficient production and bioactivity of thyroid-stimulating hormone (TSH) leading to low thyroid hormone synthesis. Thyrotropin-releasing hormone (TRH) receptor (TRHR) defects are rare recessive disorders usually associated with incidentally identified CCH and short stature in childhood.
C entral congenital hypothyroidism (CCH) is caused by deficient production of thyroid hormones (T4 and T3) due to low synthesis, secretion, or bioactivity of thyrotropin (thyroid-stimulating hormone [TSH] ). CCH is an underdiagnosed disorder because CCH patients are not detected by TSH-based neonatal screening programs for congenital hypothyroidism (CH) implemented in most countries (1) . However, uncommon T4-based CH screening programs in few countries recently estimated the prevalence of CCH as 1 in 16,000 to 30,000 newborns (2, 3) . The paucity of clinical cases identified and the complexity of hypothalamic-pituitary regulation of the thyroid axis leaves the molecular mechanisms underlying CCH largely unknown (4) . At present, genetic defects in only four genes have been identified in patients with isolated CCH: TSHB (encoding the B-subunit of the TSH glycoprotein hormone), TRHR (the specific 7-transmembrane domain receptor for hypothalamic thyrotropin-releasing hormone [TRH] ), IGSF1 (a protein regulating the expression of TRHR in pituitary thyrotropes), and the recently identified TBL1X (a subunit of the NCoR-SMRT complex) (5) . Most patients described with CCH harbored defects in TSHB and IGSF1, but three families with recessively inherited TRHR defects have been identified (6) (7) (8) .
The TRH receptor (TRHR) is a G-protein-coupled receptor (GPCR) located at pituitary thyrotropes and activated by hypothalamic TRH. TRHR contains an extracellular N terminus, seven transmembrane domains (TMDs), three extracellular loops, three intracellular loops (ICLs), and a cytoplasmic tail. TRH interacts with amino acids of the extracellular loops and then moves into the TMD binding pocket (9, 10) triggering small, local structural changes near the binding site that are translated into larger-scale helix movements at the intracellular site, mainly TMDs 5 and 6, opening a cavity for the binding of the C-terminal a5 helix of the G-protein (11) . The formation of the TRH-TRHR-Gq complex triggers activation of the phosphatidylinositol (IP3)-calcium-protein kinase C (PKC) pathway (12) .
TRH-TRHR signaling promotes the synthesis, secretion, and bioactivity of TSH, all necessary for the proper synthesis of T4 and T3 in the thyroid gland (13, 14) . The three unrelated patients with identified TRHR defects were missed in TSH-based neonatal screening programs (6) (7) (8) . The first two patients described were referred to clinicians at the ages of 9 and 11 years with short stature and variable symptoms, consistent with hypothyroidism (lethargy, fatigue, poor school performance), whereas the third was diagnosed and treated for CH at 2 months of life (8) . In all cases, thyroid hormone profiles revealed normal TSH (with suspected low bioactivity) and the presence of moderate hypothyroidism. Heterozygous carriers were reportedly euthyroid.
The first patient described was a compound heterozygote for an early stop codon in the TRHR (p.R17X) and an inframe deletion added to a missense change (p.S115-T117del + p.A118T) in the other allele (6) . The same p.R17X mutation was found in the second patient in homozygous state (7), whereas the third had a homozygous missense mutation (p.P81R) (8) . All TRHR mutations identified so far severely impaired TRHR signaling (6) (7) (8) .
Here we present a unique missense mutation in TRHR located at a highly conserved hydrophobic position (F) at the (E/D)R 
Materials and Methods

Informed consent
Informed consent for genetic studies was obtained from the index patient and his family, according to protocols followed at the San Pedro de Alcántara Hospital (Cáceres, Spain), where the patient was clinically followed.
Hormonal determinations and TRH test
TSH, free thyroxine (FT4), luteinizing hormone (LH), folliclestimulating hormone, and prolactin (PRL) were determined in serum by electrochemiluminescence with the Elecsys-170 platform (Roche, Basel, Switzerland). IGF-1, IGFBP-3, adrenocorticotropic hormone, and cortisol were measured by chemiluminescence with the Immulite 2000 system (Siemens, Munich, Germany). The TRH stimulation test was performed as previously reported (15) . An indirect measure of TSH bioactivity was calculated through the percentage increase of serum FT4 180 minutes after TRH administration, as reported (16) .
Mutation screening
All coding regions of TRH (the gene encoding the TRH), TRHR (encoding the TRH receptor), TSHB (encoding the specific TSH b subunit), and IGSF1 (coding for the immunoglobulin superfamily factor 1) were amplified by PCR using appropriate primers flanking each exon. PCR products were purified and directly sequenced on an automated DNA sequencer (3100 Genetic Analyzer; Applied Biosystems).
DNA samples of the index patient and his mother were used for next-generation sequencing (NextSeq-500). A panel of 320 thyroidal genes, of our own design, including TG, TPO, NIS, DUOX2, DUOXA2, DEHAL1, TSHR, and GNAS, was used.
Evaluation of TRHRs
In vitro activity of wild-type and mutant hemagglutinintagged TRHRs was evaluated using fixed-cell enzyme-linked immunosorbent assay to measure plasma membrane expression, [ 3 H]Me-TRH binding to measure agonist affinity, and an AP1-luciferase reporter assay to measure signal transduction, as described previously (17) (18) (19) and in the Supplemental Methods.
Computational model of wild-type and I131T mutant TRH receptors in complex with TRH and Gq
The "active-like" state of human TRHR (UniProt entry P34981) in complex with TRH and Gq was built using a combination of structural templates. 
Results
Clinical case
The index case is a male of Roma descent, the third sibling of a consanguineous kindred [ Fig. 1(a) Fig. 2(a) The adrenocorticotropic hormone dynamic test and basal PRL, follicle-stimulating hormone, LH, IGF-1, and IGFBP-3 determinations were normal. His testicular volume was 3 mL, consistent with a prepubertal stage. Brain magnetic resonance imaging showed normal size and shape of the pituitary and thyroid ultrasounds revealed normal thyroid size and structure (data not shown). He was started on levo-thyroxine (L-T4) replacement (50 mg/d), and 1 month later, his FT4 levels reached normal ranges (13.77 pmol/L) at the expense of suppressed TSH (0.07 mIU/L), a characteristic feature of treated central hypothyroidism (1) . When the patient was 10 years of age, L-T4 treatment was withdrawn for 1 month, and his thyroid function was re-evaluated, showing elevated TSH levels and decreased FT4 but normal TSH and PRL responses to a second TRH test (Supplemental Fig. 2 ). As part of the test, FT4 was measured before (0 minutes) and 3 hours after (180 minutes) TRH administration, and the percentage FT4 increase was calculated as an indirect measure of TSH bioactivity, as reported (16) . The FT4 increase was below the normal range (Supplemental Fig. 2) .
Remarkably, four members of the family (two siblings, mother, and paternal grandmother) showed mild hyperthyrotropinemia with normal FT4 [Figs. 1(a) and 3]. Retrospectively analyzed, the patient also displayed hyperthyrotropinemia at 6 years of age [ Fig. 2(a) ].
All siblings of the patient were hormonally re-evaluated on two occasions. In the first one, only one out of four showed hyperthyrotropinemia (Supplemental Fig. 2 ), whereas 6 months later, two out of four showed elevated TSH, indicating the intermittent nature of hyperthyrotropinemia in these individuals (Supplemental Table 1 ). Thyroid autoimmunity was negative in all family members. No goiter was present in the siblings at ultrasounds, according to age-and sex-specific reference intervals (24, 25) (Supplemental Table 1 ). Four of the five siblings, including the index patient, are currently obese (as defined as body mass index centile .95). Interestingly, the only child with normal weight also presented hyperthyrotropinemia, suggesting that TSH elevation in this family is not directly associated with obesity (Supplemental Table 1 ).
TRH tests were also performed in siblings and parents, showing normal TSH and PRL responses to TRH (Supplemental Fig. 2 ). TSH bioactivity was evaluated from the TRH test (Supplemental Fig. 2 ). FT4 increases were below the normal ranges, again suggesting low TSH biopotency in all serum samples available (16) .
Two relatives of this consanguineous pedigree were treated with L-T4: the paternal grandmother and the patient's mother during pregnancy with her fifth child when her TSH levels remained slightly elevated during treatment with 25-mg/d L-T4 (Fig. 3) . No difficulties with lactation were reported. The maternal grandmother had hypothyroidism in her youth and difficulties becoming pregnant for more than 6 years after marriage. Thereafter, she experienced one spontaneous abortion and three fruitful pregnancies. One of the sons of the maternal grandmother has similar subfertility complaints [ Fig. 1(a) ].
Identification of the TRHR mutation
Direct sequencing of the coding exons of four candidate genes for central hypothyroidism (TRH, TRHR, TSHB, and IGSF1) revealed a homozygous missense mutation in the TRHR gene of the patient (c.392T . C), changing isoleucine 131 into threonine (p.I131T). The patient's mutation was inherited from his parents, who are both heterozygous carriers. The paternal grandmother and three siblings of the patient are heterozygotes for the mutation, whereas one of his brothers is a homozygous carrier [ Fig. 1(a-c) ; Supplemental Fig. 2] .
Targeted next-generation sequencing in the index case and his mother showed no pathogenic mutations in genes involved in thyroid hormonosynthesis, including TG, TPO, NIS, DUOX2, DUOXA2, DEHAL1, TSHR, and GNAS (data not shown).
Functional characterization of the I131T-TRHR mutant
To determine whether the isoleucine-to-threonine mutation affected expression and trafficking of the receptor, the relative density of hemagglutinin-tagged receptors at the plasma membrane was quantified. Wild-type TRHR was strongly expressed on the plasma membrane, and there was no significant difference in receptor density when cells were transfected with equal amounts of complementary DNA encoding the I131T mutant or a 1:1 mixture of wild-type and mutant TRHR [ Fig. 4(a) ].
The molecular basis for the signaling defect in the I131T-TRHR was investigated by measuring the affinity of wild-type and mutant TRHR for a high-affinity, radiolabeled agonist, ligand [ Fig. 4(b) ]. The relative affinity of the two receptors for TRH was 3.1 6 0.3 and 9.1 6 0.4 nM for wild-type and I131T mutant TRH receptors, respectively (P , 0.05).
The effect of the I131T mutation on signaling capacity was tested by expressing wild-type and mutant TRHR in HEK293 cells, a widely used system for evaluating GPCR signaling. TRHR signals through a classical Gq-coupled pathway, stimulating an increase in intracellular calcium and activation of PKC (26) . Receptor activity was determined using an AP1-luciferase reporter containing a c-fos promoter sequence activated by the TRH-IP3-calcium-PKC pathway. TRH induced more than a 10-fold increase in AP1-luciferase activity in cells expressing the wild-type TRHR (average half-maximal effective concentration for TRH = 2.8 6 0.9 nM [n = 7]). I131T-TRHR was capable of generating the same maximal response; however, significantly higher concentrations of TRH were required (average half-maximal effective concentration = 20.4 6 0.8 nM [n = 6, P , 0.05 vs wild type]) [ Fig. 4(c) ].
Signaling via the TRH receptor was also tested in cells coexpressing wild-type and I131T-TRHR mutant receptors in an attempt to mimic the situation in individuals heterozygous for the mutation. Because activity of the two receptors differed more at low concentrations of TRH, responses were determined either without any stimulus (to monitor constitutive activity), low TRH (1 and 5 nM), or maximally effective TRH (1 mM) [Fig. 4(d) ]. As expected, the I131T-TRHR signaled weakly compared with the wild type at 1 and 5 nM TRH [ Fig. 4(d) ]. At maximal TRH concentrations, no significant differences in activity between the mutant and wild type (P . 0.05) were present, consistent with the capacity of the mutant to generate maximal responses [ Fig. 4(d) ]. Cells coexpressing wild-type and mutant receptors responded as strongly as wild-type receptors. Constitutive activity was not affected by mutation of I131, indicating that functional impairment of I131T-TRHR involves ligand-activated signaling [ Fig. 4(d) ].
I131T-TRHR mutation disrupts the interaction with Gq in the active-like TRH-TRHR-Gq model
An "active-like" model of the TRHR in complex with Gq was built [ Fig. 5(a) ; Supplemental Methods]. I131 ICL2 is located in ICL 2 and pointing toward Gq. The molecular interface between TRHR and Gq is mainly formed by the interaction of TMDs 3, 5, and 6 of TRHR with the C-terminal a5 helix of Gq and ICL 2 of TRHR with the N-terminal a1 helix and b1 and b3 strands of Gq. In detail, the hydrophobic side chain of I131 ICL2 forms hydrophobic-hydrophobic interactions with L40 b1 in the b1 strand, V199 b3 in the b3 strand, and V344 a5 and [ Fig. 5(d) ]. Therefore, insertion of a polar Thr side chain into this hydrophobic pocket disrupts TRHR-Gq coupling.
Discussion
A unique missense TRHR mutation was identified in a consanguineous family causing central hypothyroidism in homozygotes and borderline and intermittent TSH elevation in heterozygous carriers of the defect. The study suggests that two affected TRHR alleles are necessary to develop the full hypothyroid phenotype and expands the scope of thyroid hormone derangements associated with TRHR mutations to include hyperthyrotropinemia, when one allele is affected. Our index patient came to medical attention at the age of 8 for abnormal thyroid function tests in a routine checkup. Although the patient was overweight, features of hypothyroidism were not overt, but low FT4 and normal TSH suggested central hypothyroidism. Interestingly, 38% of children with central hypothyroidism due to IGSF1 defects are overweight or obese (30) .
Retrospectively, it was evident that the patient already showed subtle hypothyroidism and hyperthyrotropinemia at 6 years of age. Strikingly, the youngest sibling of the proband, also homozygous for the defect, shows isolated hyperthyrotropinemia at age of 5. This suggests that TSH elevation may precede the development of overt hypothyroidism in homozygotes and represents a compensatory state that eventually fails, along with increased demands for thyroid hormones.
In pregnancy, thyroid hormone requirements physiologically increase and (mild) defects of the thyroid hormone axis are transiently detectable (31, 32) . The mother of our patient, a heterozygous carrier of I131T, became pregnant during the course of the study. Following the guidelines of the American Thyroid Association for thyroid dysfunction in pregnancy, her TSH was elevated during the first trimester (TSH: 3.72 mIU/L; Normal: ,2.5 mIU/L) (23) . L-T4 was instituted, but TSH elevation recurred in the third trimester. After delivery, the mother's TSH level returned to normal and L-T4 treatment was withdrawn. Therefore, gestational hyperthyrotropinemia in the pregnant mother may represent a compensatory attempt to meet increased demands for thyroid hormones during pregnancy.
The functional differences between the unique I131T mutation and the previously described TRHR mutations correlate well with the signaling capacity of the affected receptors (6) (7) (8) . The R17X, S115-T117del+A118T, and P81R mutations all showed deleterious effects on receptor function. R17X results in a prematurely truncated protein, missing all seven TMDs. S115-T117del+A118T deeply alters the tertiary structure of the TMD 3 (essential to receptor function), and P81R allegedly alters the conformation of TMD 2 and therefore the TRH binding pocket. Unlike previous cases with biallelic TRHR mutations, our patient showed normal TSH and PRL responses to TRH (6, 7) . The normal TSH responses of our patients to standard dynamic TRH tests (involving in vivo administration of high doses of TRH) are consistent with the finding that wild-type and I131T-TRHRs respond identically to saturating concentrations of TRH in vitro.
I131T is the first missense mutation identified in the ICL 2 of the TRHR and is located at a highly conserved hydrophobic position of the class-A GPCRs at the (E/D) R 3.50 YX 5 PFXY motif, which is important for the essential conformational changes required for G-protein activation (29) . Unlike the three previously identified mutations in TRHR that severely impair TRH binding and signal transduction (6) (7) (8) , the unique I131T-TRHR mutant caused a threefold reduction in TRH affinity and a 7.3-fold shift in the concentration-response curve for activation of the Gq-IP3-PKC pathway yet showed normal responses to high concentrations of TRH, which might relate with the milder phenotype of hypothyroidism in the family. The model of TRHR in complex with Gq (Fig. 5) shows that the hydrophobic I131 ICL2 side chain of TRHR interacts with a hydrophobic pocket formed by L40 b1 , V199 b3 , V344 a5 , and I348 a5 of Gq.
Thus, it seems reasonable to propose that insertion of a polar Thr side chain into this hydrophobic pocket of Gq disrupts TRHR-Gq coupling. Accordingly, higher concentrations of TRH are necessary to achieve the same maximal response in the I131T mutant [ Fig. 4(c) ]. Mutation of this hydrophobic residue in other GPCRs has similar effects but with a different extent of G-protein uncoupling (33) (34) (35) (36) (37) . The mechanism by which the I131 ICL2 T mutation at the intracellular site influences the binding of TRH to TRHR at the extracellular site is clearly indirect. Two related mechanisms have been proposed to explain this effect. First, the constitutive activity of the receptor (the equilibrium between inactive and active states in the absence of ligand) modulates ligand affinity and selectivity (38) . Second, there is an allosteric coupling from G-protein to the agonist-binding pocket in GPCRs (39) . Because the I131T mutation does not influence the constitutive activity of TRHR [ Fig. 4(d) ], we suggest that uncoupling of Gq from I131T-TRHR at the intracellular site causes the decrease of TRH binding to TRHR at the extracellular site [ Fig. 4(b) ]. This work provides a structural explanation for the G-protein-mediated enhancement of agonist affinity. In addition to TSHB transcription, TRHR regulates glycosylation of TSH, which is required for the full biopotency of the TSH dimer (13, 14) . Patients with central hypothyroidism, especially of hypothalamic origin, have been described with low bioactive TSH and sometimes slightly elevated immunoreactive TSH (1). The I131T-TRHR mutant seems to hinder the expected increase of FT4 after TRH stimulation in vivo, suggesting impaired TSH bioactivity. As reported in Trh -/-knockout mice (and also Trh -/+ mice to a lesser extent), decreased TRH-TRHR signaling in thyrotropes might be responsible for the development of hyperthyrotropinemia with low TSH biopotency in carriers of I131T (40) . In the absence of TRH action, hyperthyrotropinemia exhibited by Trhdeficient mice is explained by decreased negative feedback of thyroid hormones at the pituitary, leading to increased synthesis of a TSH with low biological activity (40) . We propose a similar situation in human pituitaries with a partially defective I131T-TRHR mutant.
The intrinsic mechanism of hyperthyrotropinemia in this family is not known, but it may relate to the uniquely milder functional behavior of the I131T-TRHR mutant itself, because a primary thyroidal defect was ruled out in this family and obesity in some (but not all) individuals of the pedigree is not linked to this feature. However, TSH elevation in this family contrasts with the normal TSH levels observed in knockout mice with deletion of the Trhr1 gene (Trhr1 -/-) (41) and in individuals with previously described mutations in the TRHR gene (6) (7) (8) . Two significant differences may exert a role in hyperthyrotropinemia detected in patients with I131T-TRHR mutation. First, as shown, the I131T mutant protein is stable and normally reaches the membrane. In contrast, previously described mutations in TRHR are reported to have no residual activity. Likewise, Trhr1 knockout mice are engineered to have complete deletion of the gene, leading to the absence of TRH receptors at the thyrotropic cell membrane. Second, the I131T mutant has a subtle effect on TRHR function, which can be rescued by increased TRH levels. In summary, we identified a unique missense mutation (p.I131T) in TRHR associated with overt central hypothyroidism in the biallelic state. Although inheritance of TRHR defects is typically recessive, we describe the presence of central hyperthyrotropinemia in heterozygous carriers of this mutation. Hyperthyrotropinemia is proposed as a compensatory state preceding hypothyroidism in homozygotes. In individuals heterozygous for I131T-TRHR, central hyperthyrotropinemia is present with normal T4. However, development of hypothyroidism during pregnancy should be specifically ruled out. Undiagnosed central hypothyroidism in children calls for a higher degree of suspicion from pediatric endocrinologists dealing with patients with borderline-low T4 and normal TSH or with isolated hyperthyrotropinemia due to thyrotropic failure (22) .
